W HEN CONDUCTING IN-LINE INSPECTIONS (ILIs) of trunk pipelines, pipe sections may be found with curvature exceeding the values required by specifications. An out-of-spec bend in pipe sections leads to the pipeline operating in conditions of increased stress-strain state, which does not comply with regulatory requirements. Where sections with out-of-spec curvature are found, repair works are carried out in order to return them to a state which complies with specifications. The priority shall be given to a method which does not involve cutting into the pipeline. In order to develop the project of the pipeline repair and to predict the stress-strain state during repairs and in subsequent operation, it is necessary to create design schemes which take into account the actual operating conditions of the pipeline, data from ILI, and the reasons why out-of-spec curvature formed at the section.
Introduction
Repair works which are carried out in a timely manner play an important role in ensuring the safe operation of trunk pipelines [1] . At the same time, for the intended using and planning these works, it is necessary to give an accurate estimate of the current and predicted stress-strain state (SSS) of the pipeline wall.
One of the instruments for determining the initial data for evaluating the pipeline's SSS is in-line inspection (ILI). Modern inspection facilities, such as ILI devices with navigational systems, allow curvature to be determined for each pipe section. Analysis of the ILI results shows that in an operational pipeline sections can be found with axial curvature that does not correspond to the design: the bending stresses which arise here are significantly higher than those allowed by specifications.
These sections form for a variety of reasons, such as the pipeline laying on a nonprofiled foundation; tie-ins; mismatch between angle tips of prefabricated bent branches and the trench bottom; and pipeline subsidence. It is possible to evaluate the SSS of sections with outof-spec curvature at the moment when the ILI device is launched using design formulae, given in regulatory documents at the planning stage. However, in order to predict changes to the curvature and elevation of the pipeline during and after repair works, it is necessary to develop design schemes which correspond to the real conditions of the pipeline's construction and which reflect the actual curvature distribution in the section.
Design schemes are examined in Russian technical literature for various conditions of pipelines construction. In particular, in Refs 2 and 3, design schemes are given for cross-over beams of pipelines, and Ref. 4 includes standard design schemes for laying pipelines in complex conditions and with crossings over artificial and natural obstacles. Research paper [5] examines cases of bending both in straight pipelines and pipelines with initial curvature. It is worth noting that the design schemes in the works indicated were developed for cases where a straight pipeline was laid, or for pipelines with known curvature, and did not take into account the actual position of the pipeline or inspection data.
Both Russian and foreign engineers have carried out a great deal of research into the SSS of pipelines under loads from the surrounding environment [6] [7] [8] [9] . However, these works also fail to take into account inspection data and the results of observation of the actual pipeline position.
Russian engineers have conducted research into evaluating the SSS for pipeline sections on the basis of measuring the horizontal location and elevation [10] . However, calculations for a pipeline section based on measurements of the elevation at discrete points may not reflect the actual stress state and the actual curvature. Modern methods of ILI which are used at Transneft PJSC allow the actual curvature to be calculated for each pipe section of the pipeline [11] . Taking into account the considerable uncertainty of data regarding the actual conditions of laying pipelines, it is advisable when developing design schemes not to us values for elevation, but the curvature of the pipe sections as measured by the results of ILI.
Method of analysing data from ILI and choosing design schemes
Analysis of data from ILI has shown that the majority of pipe sections with out-ofspec curvature, detected during the launch of ILI devices, have bend direction in the vertical plane. Out-of-spec curvature has been detected both in places with assumed design elastic bending of the pipeline axis, and at straight linear sections of the route, as well as at sections adjoining prefabricated bent branches.
ILI data were analysed to identify the most appropriate design scheme. A history of changes to the bend radius was formed; curvature distribution at the given section was plotted; the presence of designed bend radiuses was analysed, as well as the presence of short pipe sections, prefabricated bent branches, and the nature of the local terrain. Based on data from ILI, the diagrams were plotted which characterize the position of the pipeline and the bending of the axis at pipe sections. Using data from ILI, the projections of the curvature onto the vertical (OY) and horizontal (OX) planes can be calculated in the following way: R = the bend radius at the pipe section, in m γ = the angle of the bending direction at the pipe section, in degrees.
In the case of a bend radius being found at the first launch of ILI device, before the pipeline is put into operation (during its testing), it can be concluded that the bend radiuses have originated at the stage of construction and installation works. The key reasons why out-of-spec bends may occur are:
• a non-profiled trench bottom with a convex section; • a non-profiled trench bottom with a concave section; • pipeline displacement, and laying straight pipe sections adjoining prefabricated bent branches into a trench, which has a bend in the route; • the use of tie-ins at sections of the pipeline.
As a consequence of the reasons indicated here, sections with convex and concave lengths of pipe may arise during pipeline construction. A separate design scheme should be developed for each of the cases listed.
When laying a pipeline at a section with a convex trench bottom, as a rule, the maximum bend is reached at one or two lengths of pipe, and the curvature of the section increases in the area of the examined lengths of pipe and decreases at the adjacent sections.
The design scheme developed for these cases should model pipeline laying on unprofiled earth foundations. The irregularity of the trench bottom is modelled with a so-called soil prism which has length, height, and stiffness. If the pipeline is laid at a section with a concave trench bottom, then the maximum bend is usually reached at the length of pipe located in the middle of the section. In this case, the design scheme should model laying the pipeline at a section with a hollow.
Where the pipeline is laid at a section with a turn in the route, the curvature increases sharply, as a rule in one or (more rarely) in two lengths of pipe. Most typical is the bending of lengths of pipe placed between prefabricated bent branches. In this case the pipeline axis bending may occur when laying straight lengths of pipe at the bottom of trenches which are profiled for a turn to a certain angle and designed for laying prefabricated bent branches.
Taking into account the significant nonuniformity and high uncertainty regarding the actual properties of soil and geometry of trench foundations, when calculating soil properties, benches heights, hollows, the turning angles are selected in such a way that the designed curvature coincides with the curvature of examined sections according to ILI data, and reflects the character of changes to the curvature at adjacent sections.
One more of the possible reasons why out-of-spec curvatures may arise during construction and installation works is the application of loads to the pipeline in order to ensure its alignment at tieins of separate pipeline sections. These sections are distinguished by the presence of installation joints, short pipe sections, and prefabricated bent branches in direct proximity to the examined lengths of pipe. The curvature of the section is characterized by several decaying halfwaves, found at sections adjacent to the lengths of pipe with the maximum curvature. The design schemes for these cases shall model the displacement of the pipeline due to artificially applied loads to it.
Where out-of-spec curvature is detected close to prefabricated bent branches, the most probable reasons for that are the angle of the pipe bend not corresponding to the turn angle of the trench bottom, or mismatch between angle tips of branches and the trench bottom during construction and installation works.
Developing a design scheme for cases of tie-ins and mismatches between the pipe bend and trench angles requires thorough analysis and is a promising area of current research. The present article examines design schemes when laying pipeline into a trench with unprofiled bottom and bending of the length of pipe installed between two branches.
Additional requirements are applied to the design schemes being developed, regarding their possible use for assessing changes in the curvature of the section during repair works without cutting the pipeline, and to determine the optimum length of the section to be excavated.
Developing a design scheme and performing calculations for convex lengths of pipe

ILI data
The radius and bend direction of each length of pipe can be determined by processing data from profilometers. A demo example is the section of 1067-mm x 14-mm pipeline. The parameters of the length of pipe and the distribution of the curvature at the pipeline section are presented in Table 1 . As can be seen from the table, the bending radius was detected from the first launch of the ILI device and, consequently, it must have formed during construction and installation works. 
Developing a design scheme
Design scheme No.1 for a section of pipeline at a convex section of trench can be presented as a beam which is placed on a soil prism with height H, and is modelled by an elastic foundation with stiffness C1 (section L 1 ). It has sags (sections L 2 ) and lies on a soil foundation with stiffness C2 (Fig.2) . Given that it is symmetrical, only half of the section is examined.
At the section 2L 1 < x < 0, the pipeline is laid on a soil prism; at the section 0 < x <L 2 it sags, while at the section x > L 2 it contacts the trench bottom. A system of differential equations for pipeline sections 1, 2, and 3 can be expressed as follows: 
C1, C2, C3, C4, C5, C6, C7, C8, C9
, and C10 are unknown constants, which are calculated from boundary conditions. The solution to the non-linear system of algebraic equations can be found using computation methods (the authors used Mathcad software).
Calculating the curvature from the developed design scheme
Calculations are made for the section of 1067-mm x 14-mm pipeline, shown in 2L1 is the distance at which the pipeline contacts the soil prism; L2 is the distance at which the pipeline has a sag. Table 2 . Curvature distribution at the examined section of the pipeline and the parameters according to ILI data. The results of calculations for curvature at the pipeline section are presented in Fig.4 (the red line). As can be seen from the figure, the design scheme describes the curvature of the pipeline section with the necessary accuracy, which confirms that the scheme can be used in pipeline operating conditions.
An additional calculation was performed to model the removal of backfill soil during repair works. The results of the calculation showed that the curvature of the examined pipe length No. 8 is decreasing significantly. The bend radius when the soil load is removed was R rep1 = 753 m in the case of the soil being removed from the section with a length of 64 m, while when the pipeline is drained, R rep2 = 1086 m. The curvature distribution at the section when the soil load is removed (the green line) and when the pipeline is drained (the orange line) are presented in Fig.4 .
Results
The authors have developed a design scheme which models a pipeline section laid on a convex, unprofiled soil foundation. It has been demonstrated that it would be possible to use the developed design scheme when planning repair works. Predictive calculations were presented for the change in the curvature of the section during and after repair works are carried out. The limits of the repaired section were defined. Developing a design scheme and performing calculations for a concave pipe section
ILI data
A concave section with out-of-spec curvature was examined. The parameters of a length of pipe and curvature distribution are presented in Table 2 for the 1067-mm x 24-mm pipeline section. The bend radius was detected during the first launch of an ILI device. Figure  5 presents a plot showing changes to the curvature at the section according to data from the final launch of an ILI device.
Developing a design scheme
Design scheme No.2 for a pipeline at a concave section of trench can be presented as an elastic beam on an elastic foundation, laid in a hollow (Fig.6 ).
At the section 0 < х < L the pipeline sags, and at the edges of the section it rests on the elastic foundation. In this system of equations, the notation is the same as in the system of Equns 1.
Given the symmetry, only half of the section is examined. The general solutions to the equations are as follows: The solution to the non-linear system of algebraic equations can be found using computation methods (the authors used Mathcad software).
Calculating curvature from the developed design scheme
Calculation was performed for the section of 1067-mm x 24-mm pipeline, shown in The actual bend radius recorded at pipe section No. 11 was R act = 435 m, while the design bend radius for this section was R des = 436.2 m.
As in the previous case, a range of calculations were performed for the pipeline section for operational conditions and for repair works. The results of the calculations of the curvature of the pipeline section are presented in Fig.8 . When the results of the calculations are compared with the actual values of the bend radiuses, it can be concluded that the design scheme describes the lengths of pipe with least possible curvature quite accurately.
Modelling repair works showed that the curvature of the examined pipe length No.11 is significantly decreasing. The bend radius with soil load removed was R rep1 = 1370 m, where soil was removed from a section with length 29.8 m, and when the pipeline was drained, it was R rep2 = 2910 m. 
Results
The authors have developed a design scheme which models a pipeline section laid on a concave, unprofiled soil foundation. It has been demonstrated that it would be possible to use the developed design scheme when planning repair works. Predictive calculations were presented for the change in the curvature of the section during and after repair works are carried out. The limits of the repaired section are defined. Table 3 presents the distribution of bend radiuses and curvatures for convex pipeline section 1067-mm x 21-mm, located between the prefabricated bent branches. Because they are in an unstressed condition, their curvature is taken to be equal
ILI data
Developing a design scheme
Design scheme No.3 for a pipeline is presented in Fig.10 , for a symmetrical case of bending of convex lengths of pipe when laid in a trench, which turns by the angle ϕ.
At the section L 1 < х < 0 the pipeline rests on the elastic foundation, which has a turn; at the section 0 < х < L 2 a pipeline bend is formed and there is separation from the soil; at the section х > L 2 the pipeline rests on the elastic foundation. 
where:
c 1 = the stiffness of the foundation at the turn section, in MPa c 2 = the stiffness of the foundation at a straight section, in MPa.
Equations of the pipeline axis for the system of differential Equns 3 are similar to the equations described for design Calculating curvature from the developed design scheme
Pipeline axis
In order to evaluate the chosen design scheme, the calculation can be performed for 1067-mm x 21-mm pipeline section (Fig.10) .The initial data for the calculation are as follows: When modelling repair works, the calculated curvature of the examined lengths of pipe decreases. The bend radius with soil load removed was R rep1 = 220 m, where soil was removed from a section with length 40 m, and R rep2 = 225 m when the pipeline was drained.
The calculation results show that in the case of pipe lengths being placed at a turn in the route, the removal of soil load barely affects the curvature values. In this case, carrying out works without cutting the pipeline may be inadvisable. 
Results
The authors have developed a design scheme, which models laying lengths of pipe at a section where the route turns. Having performed calculations, it was demonstrated that calculation results correspond to actual ILI data. It has been shown that where the soil load is removed, the change to the curvature of the section is insignificant and it is advisable to carry out repair works by installing a prefabricated bent branch.
Conclusions
A methodology has been presented for developing design schemes using ILI data.
Examples have been given to show how design schemes were developed for sections with out-of-spec curvature using data from ILI devices with navigational systems.
Calculations have been performed which predict the curvature of sections during and after repairs are carried out. The results obtained may be used to calculate the strength of sections during and upon completing repair works.
